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Exposure of isolated rat hepatocytes to hypotonic (190 mosmol/I) incubation media lowered the cellular (3-actin level without afire:ring the total 
actin content: here the (3-/total actin ratio decreased by 15.5 _ 1.4% (n=7}. Similar effects were obser~.ed following isotonic ell swelling by either 
addition of glutamine (10 m M) or insulin (100 nM), resulting in a decrease of the (3-/total actin ratios by 13.5 :I: 2. ! % (n = 5) and 14. I _+ i.1% (n = 1 I), 
respectively. The effects of hypotonic exposure, glutamin¢ and insulin on the (3-/total actin ratio largely occurred within 1 rain and persisted for 
at least 2 l-t in presence of the respective effectors. After a 120 min exposure to lwpotonic media, glutamine or insulin the actin mRNA levels were 
increased 2.4-, 2.0- and 3.6-fold, respectively. Hypertonic exposure lowered the G-/total actin ratio by only 4.9 -+ 2.5% (n = 4) and incr'(:asod aetin 
mRNA levels only 1.2-fold. There was a close relationship between glutamine., and hypotonicity.indueed cell swelling and the de¢~ of G-/total 
actin ratios. The data suggest that cell swelling exerts rapid and marked effects on the state of actin polymerization and increases actin mRNA 
levels. Thus, cytoskeletal terations in response to cell swelling may be involved in the regulation of hepatic metabolism by cell volume. 
Cell swelling; (31utamine; Cell volume; Isolated hepatocyte; Insulin; Anisotonicity; Hypotonic; Hypcrtonic; Actin; Gent expression; C~/toskeleton 
1. INTRODUCTION 
Cell vo lume changes were recently recognized as po- 
tent modulators  o f  metabol ic  liver cell funct ion and 
evidence has been presented that cell vo lume changes, 
as they occur in response to hormones  and amino  acids 
act like a 'second or  third messenger'  modi fy ing hepatic 
metabol ism (for review see [1]). A l though the mecha- 
nisms l inking cell volume changes to cellular function 
are poorly understood, eytoskeletal a l terat ions may 
play a role. Indeed, the polymerizat ion state o f  microfil- 
aments,  which can change under the influence o f  growth 
factors and other hormones  by shifting the actin mono-  
mer (G)/polymer (F)  actin equil ibrium, was repeatedly 
suggested to  be important  for cellular funct ion [2-8], On 
the other hand, volume-regulatory responses in some 
cell types are blunted by inhibitors of  the microf i lament 
system [9,10] and there is some microscopic evidence on 
a reorganizat ion o f  mierofi laments fol lowing hypotonie  
cell exposure [10,1 1]. Further,  hypotonie exposure was 
shown to increase mRNA levels o f  actin in rat liver [12]. 
Accordingly,  we addressed the question whether  cell 
vo lume changes exert effects on the polymerizat ion 
state o fact in  and whether such effects also occur  during 
isotonic cell swelling. The data show that  cell swelling 
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leads to a rapid decrease of  the G/total  aetin ratio, 
suggesting rapid polymerizat ion o f  G-aetin and to an 
increase o f  actin mRNA levels. 
2. MATERIALS  AND METHODS 
2.1. Isolation and incubation of isolated rat hepatoc),tes 
Isolated rat hepatocytes were prepared according to [13] from livers 
of male Wistar rats, fed ad libitum on stock diet (Altromin), following 
eollagenas¢ perfusion. After washing, the hepatocytes were incubated 
at 37°C in a Krebs-Henseleit buffered saline (final volume 4 ml) 
supplemented with 6 mM glucose. The incubations were continuously 
sassed with water-vapor saturated OgCO, (95:5 v/v). Viability of 
hepatocytes a assessed by Trypan blue exclusion at the end of the 2 
h.incubations was about 90%. The protein content in tile incubations 
was 3-6 mg/ml. The incubation volume was 4 ml. Hepatocytes were 
preincubated for 20 mln with the above-mentioned medium; then (t 
= 0 rain), glutamine, hormones or anisotonic onditions were insti- 
tuted. Samples for determination f (3- and total actin and protein 
were taken either after i, 20 or 120 rain. Glut,amine and insulin were 
added to the incubations to give concentrations of 10 mM or 10O nM. 
respectively, in order to maintain maximally active hormone concen- 
trations throughout the 2 h-incubation p~riod, insulin additions were 
repeated ever,/30 min. In control incubations the osmolarity was 310 
mosmol/i, anisotonic conditions were achieved by adding or remavhlg 
appropriate amounts of NaCI, if not indicated otherwise. 
2.2. DA'ase I lllhibition assay for actin determination.~" 
Actin in monomeric and filamentous form was measured in the cells 
using the (3-actin-dgpendent DNa~¢ 1 inhibition assay as previously 
described in [14], with the following modifications: 106 cells, washed 
twice with phosphor-buffered saline (PBS), pH 7.4, were treated with 
100/.d lysis buffer containing 10 mM K2I-IPO4, 100 mM hlaF, 50 mM 
KCI, 2 mM MgCI.,, 1 mM E(3TA, 0.2 mM dithiothreitol, O.5% Triton 
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X-100. I M sucrose. pH 7.0. For determination ofthcG-aclin conlenl 
IO ,LJI of the lysate were added to the assay mixture containing 7 ~1 
DNase 1 solution (I mg/lO ml DNase I in 50 mM Tris-HCI, IO mM 
phcnylmethyl-sulfonyllluoride (PMSF). 0.5 mM CaCI,, pH 7.5) and 
I ml DNA solution (4 mg/lOO ml DNA in 100 mM Tris-HCI, 4 mM 
MgSO.,. 1.8 mM CaCL. pH 7.5~)~ The DNasc 1 activity s’as monitored 
continuously in a quartz cuvcttc with a Sigma-ZWS II double beam 
spcctrophotometer ut 260 nm. Actin in the sample was quantitatcd by 
reference to a standard curve for the inhibition of DNusc I activity, 
prepared using rabbit muscle G-actin, isolated as previously described 
[I 51. Actin concentration wus determined by the optical density at 290 
nm using the extinction coefficient Ebb,, = 2G160 mole’ cm-‘. A linear 
relationship was obscrvcd over the range of 26-6898 inhibition of 
DNase I activity. To measure total actin, alicluots of lhc lyscd cell 
suspension were diluted 2-3 times with lysis bull’er and then incubated 
for 20 min with an equal rolumc or guanidinc-HCI bulTer (1.5 nrM 
gunnidinc-HCI, I M sodium acetate. I mM CaCI,, I mM ATP. 20 mM 
Tris-HCI. pH 7.5) IO depolymeritc F-actin to monomeric G-actin. The 
G-actin content in the hepatocyte suspensions was related to the total 
protein content. Protein was determined with the biurct reaction dc- 
scribed in [la]. 
2.3. Norr/~ert~ b/or ~ncr/,~sis ufm*fitl mANA 
The isolation and sire-fractionation oftotal cellular RNA wus pcr- 
Formed exactly us previously described [If]. After transfer of RNA to 
Gene Screen nylon membranes (New England Nuclcars. l3oston, 
USA) the filters were prchybridired and hybridized with cDNA 
probes y-3zP-labcled by random priming, using oligodeoxynucleotidcs 
(specific activity 5x10’ cptn&g), according to [IS]. Thc&ctin mRNA 
levels were normalized to the level of glutamate dehydroyenasc 
mRNA. Hybridizations were carried out as dcscribzd [l9]. Washed 
filters were exposed to Kodak XR lilm at -80°C in the presence of 
an intensifying screen. Hybridization was quantilied by a computed 
Image Analyzer (Quant 970, Cambridge Instruments, Cambridge, 
UK). The probes used were a rut/?-actin cDNA Psrl fragment inserted 
into a pUC IS plasmid [20] and a human glutamate dehydrogeaase 
cDNA probe [21], kindly provided by Dr. G. Mavrothalassitis (Re- 
search Ccntcr 0r Crete). 
The intracellular water space of isolated rat hepatocytcs was detcr- 
mined as described previously [22] using the method by [23] with some 
modifications; i.e. [“Hlinulin was rwal as extracellular marker and 
[“C]urea as marker for intru- plus extracellular space as previously 
done and validated in studics on the intact liver [24]. In brief, hcpato- 
cytes were incubated in the above-mcntioncd medium for I20 min and 
lhcn [‘Hlinulin (20 ki3q) and [“‘Clurea (20 kBq) were added to the 
incubations. 5 min later a 2.5 ml-aliquot of the cell suspension was 
gently centrifuged (170x6’) for 30 s. ‘H and “C radioactivity was 
determined by scintillation spcctrometry in the supernatat:t and the 
pellet, respectively. The intracellular water space was culculated from 
the “C radioactivity found in the pellet after correction for rcsiduul 
extraccllular waler in the pellet by using the specific radioactivities in 
the supernalant. In the individual cell preparation the intracellular 
water space (‘cell volume’) found in control incubations W’HS set to 
100% and the volume-effects of anisotonicity, glutamine and insulin 
are expressed as perccntagc hereof. In the absence of further additions 
(‘control’). cell volume was 2.08 * 0.02 yllmg prolcin (II = 13) after a 
I20 min incubation. 
If not indicated otherwise, the G-/total actin ratio in control incubn- 
tions obtained from a cell preparation was set to 100% and the influ- 
ence ofeffectors on actin polymerization is given as percentage hcreol’. 
In addition data from different cell preparations arc given as G-uclin 
conlent per mg total hepatocyte protein, Respective data obtained 
from different call preparalions were statisticnlly trcatcd by ANOVA 
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and unpaired f-test; they are given as means? SEM (II= number ofcell 
preparations) and PeO.05 were considered statistically significant. 
[“H]lnulin and [“‘Clurea were from Amersham Duchlcr (Frankfurt, 
Germany). Collagenase was from Riochrom (Berlin, Germany). Insu- 
lin (from bovine pancreas), DNA (from herring testes) and DNase I 
(from bovine pancreas; 600 kU/mg protein) were from Sigma (Mu- 
nich, Germany). All other chemicals were from usual commercial 
sources in the purest grade available. 
3. RESULTS AND DlSCUSSION 
3.1. Effecr of Ityporonic exposure, ghratrzitle and insulitz 
on actin poiytt~erkuriott 
In normotonic control incubations, the G-actin con- 
tent was 21.2 zk 0.7 ,u@mg total hepatocyte protein (n = 
22), in close agreement with earlier published data by 
others [4]. The ratio of monomeric (G-)actin to total 
cellular actin; i.e. the G-/total actin ratio was 
0.250 k 0.006 (tz = 32) and did not significantly change 
over a 120 min incubation period (for data see legend 
Table I). Upon hypotonic incubation, due to lowering 
the NaCl concentration, the G-/total actin ratio signifi- 
cantly decreased (Table I), suggesting a stimulation of 
actin polymerization following hypotonic exposure. In 
line with this interpretation, the total actin content did 
noI significantly change upon hypotonic exposure 
(Table II). As Further shown in Table 1, this response 
was already observed after 1 min of hypotonic exposure 
and persisted up to 2 h of hypotonic exposure. Here, it 
should be noted that volume-regulatory net K+ efflux 
from the hepatocytes i terminated within the first 8 min 
g 
L” 
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Fig. I. Rclntionship between glutamine-, insulin- and hypotonicity- 
induced cell swelling and the accompanying decrease of G/total actin 
ratio. Data on cell volume and G-/lolaI actin ratio were obtained from 
cells being exposed for I20 min to hypotonic fluid (190,230, 250,270 
mosmol/l). glutamine(Gln; IO mmoUI)or insulin (Ins; IO0 nmol/l). The 
curve drawn in the figure takes into account only data obtained fol- 
lowing hypotonic exposure. Data are Bivcn as means f SEM and are 
from 3-10 different cell preparations. 
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Effect ofanisotonic rxposurc, glutamine, insulin and plucagon on G-/total aciin ratio in isolated rat hepatoeytes 
liepatocytcs were preincubatcd as described in the methods section for I5 min. Then (I = 0 min) aniaotonicity, 
glutamine, insulin or SlucaSon was instituted and cells were assayed for G- and total actin after I = I, 20 and 
120 min. Anisotonic conditions were achieved by lowering or increasing the N&l concentration. In normotonic 
control incubations the osmolarity was 310 mosmol/l. In normotoniccontrol incubations the G-/total actin ratio 
did not change significantly during the I20 min incubation period und wus 0.245 + 0.026 (II = 3), 0.244 2 0.011 
(II = 4) and 0.250 t 0.006 (II = 22) ufler 1 , 20 and I20 min of incubation, respectively. Data reflect the percent 
change of the G-/total actin ratio induced by the c&tom and arc given as means 2 SEM (R=numbcr of cell 
preparalions). 
Duration 0r exposure I min 20 min i 70 niin 
% chanyc of G-/tolal aclin ralio 




l-lypertonic (430 mosmol/l) 
Glutamine (10 mmol/l) 
Insulin (100 nmolll) 
Glucagon (100 nmolfl) 
- 
- 
- 10.8 IL 2.3 (3) - 18.4 5 2.7 (4) 
4 0.3f2.3 (3) - 2.5 2 5.3 (3) 
-12,9-1-4.1 (3) -I I .9 + I .4 (3) 
- 10.3 ?r 7.0 (3) -12.0f7.1 (4) 
t 1.725.7(3) - 4.1 13.5 (3) 
of hypotonic exposure, however, this volume-regula- 
tory response does not restore the initial cell volume 
completely, instead the liver cells remain in a swollen 
state [Zj. The extent of stimulation of actin polymeriza- 
tion was dependent upon the extent of osmolarity de- 
crease in the perFusion medium (Table 1). Hypertonic 
exposure, on the other hand had, if at all, only a slight 
effect on the G!total actin ratio. 
Glutamine was recently shown to induce cell swelling 
within l-2min due to a cumulative uptake of the amino 
acid into the cells driven by the electrochemical sodium 
gradient across the plasma membrane [26]. Cell swelling 
is also induced by insulin due to cellular accumulation 
of K’, Na’ and Cl- [27,28]. As shown in Table I, both 
glutamine and insulin rapidly decreased the G/total 
actin ratio. The decrease oFthe G/total actin ratio under 
the influence of insulin as determined by the decrease 
oFG-ectin content is quantitatively similar to that re- 
ported by others [4]. Apparently, the stimulation of 
actin polymerization during hypotonic incubations or 
upon addition of glutamine was dependent upon the 
degree of cell swelling (Fig. 1). The data in Fig. 1 also 
suggest that the glutamine-effect on the G-/total actin 
ratio is due to glutamine-induced cell swelling because 
it can quantitatively be mimicked by equipotent hypo- 
tonic cell swelling. On the other hand, the effect of 
insulin on the G-/total actin ratio was somewhat higher 
than that observed when equipotent cell swelling was 
induced by hypotonic exposure. Here apparently aiso 
mechanisms distinct from cell swelling come into play, 
although the insulin effect on the G-/total actin ratio 
- 4.Y 2 I.2 (4) 
-I 1.4 2 3.1 (4) 
-12.621.6(4) 
-15.5+1.4(7) 
- 4.9 k 2.5 (4) 
-13.5i:Z.l (5) 
-14.1 f I.1 (I I) 
- 7.1 r 3.8 (3) 
could be explained at leest partially on the basis of 
insulin-induced cell swelling. 
3.2. EfJtcrs ott mrirt tuRNA Icwels 
As shown in Table II, cell swelling under the influence 
of insulin, glutamine or hypotonic exposure led to a 
2-3-fold increase of actin mRNA levels within 120 min. 
A comparable extent of actin mRNA increase has been 
observed in perfused rat liver, when exposed to hypo- 
tonic perFusion fluids [13]. It should be noted that the 
increase in actin mRNA tissue levels was observed re- 
gardless of whether reference is made to glyceralde- 
hydphosphate dehydrogenase mRNA, albumin mRNA 
[Is] or to glutamate dehydrogenase mRNA (this paper). 
On the other hand, the relative actin mRNA level in- 
creased only 1 Mold during hypertonic exposure. Com- 
paring the data given in Tables I and 11, it appears that 
the increase of actin mRNA levels following glutamine 
and hypotonicity-induced swelling is inversely related to 
the accompanying decrease of the G-/total actin ratio or 
the cellular content of G-actin. This would be in line 
with the recently suggested autoregulatory control of 
actin synthesis in cultured rat bepatocyres 1291 by either 
the concentration of G-actin [XJ] or the ratio between 
monomeric and filamentous actin [29]. Such an autoreg- 
ulatory control was deduced from the reciprocal behav- 
iour of actin mRNA levels and the G-/F-actin ratio 
under the intluence of clostridium botulinurn C2 toxin 
or the mycotoxin phalloidin iS9j and our data wouid ‘02 
in line with this suggestion. 
Glucagon is known to shrink hepatocytes [27.28] and 
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Effccls 
Table II 
of anisotonicity. glutamine, insulin and glucagon on actin 
mRNA levels and cellular G-actin cement. 
For details see Malcrials and Methods. Data were obtained after 120 
min exposure to znisotonicity, glutamine, insulin or glucagon.G-Actin 
mRNA levels were normalized I’or glutamate dchydrogenase mRNA 
levels. 
-- --- 
Relative: G-actin tolal aclin 
pactin comenl contenl 
mRNA 
level pglirlg cell protein 
Control I 21.2kO.7 (32) 84.82 1.6 (22) 
Hypotonic (190 mosmol/lj 2.4 lC.4f0.7 (7)’ 86.8C2.4 (7) 
Glutamine (IC mmol/l) 2.0 17.9+0.6 (5)’ 82.922.7 (5) 
Insulin (100 nmolll) 3.6 l8.1~0.4(11)’ 84.2+1.4(11) 
,Hypertonic (430 mosmol/l) I.2 l9.7& I.8 (4) 82.8-c3.3 (4) 
Glucagon (100 nmolll) 2.3 20.44 2.4 (3) 57.9+3.6 (3) 
’ denotes tatistically signiticant diffetenccs in G-xlin content com- 
pared to normotonic ontrol incubalions (P c 0.05). No slalistically 
signilicant difference was observed for total actin corxents. 
had, like hypertonic ell shrinkage, no significant effect 
on the G-/total actin ratio. This is at variance to the 
observations with glucagon by others [4], however, the 
actin mRNA level significantly increased under the in- 
fluence of glucugon (Table II). Thus, apparently the 
glucagon effects on the microfilament system involve 
other mechanisms than alterations of lhe G-actin con- 
tent. 
The functional significance of the decrease of G-/total 
actin ratio following cell swelling, apart from a possible 
increase of actin mRNA levels, cannot be judged from 
our present study. However, it is well conceivable that 
swelling-induced changes in actin polymerization could 
participate in the modulation of cell function by cell 
volume. For example, microfllaments are involved in 
bile formation (for review see [3 l]) and liver cell volume 
was recently recognized as a major determinant of trans- 
cellular taurocholate transport in liver [32,33]. Further, 
there is some evidence for a role of microfilaments in 
regulating other cellular functions, which are also af- 
fected by cell volume changes [1,22], such as control of 
protein synthesis [7], alterations of glycolytir enzyme 
activities [3] and the regulation of growth-related phe- 
nomena 161. Indeed, microfilament alterations have 
been recently observed in rrrs-oncogene transformed 
buffalo rat liver cells [34], while ras oncogene xpression 
in NIH 3T3 fibroblasts is accompanied by a marked 
increase of cell volume [35]. 
Taken together our results demonstrate rapid effects 
of cell swelling on microfilaments. The known insulin 
effects on microfilaments can at least in part be ex- 
plained by insulin-induced cell swelling. 
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